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GRAPHICAL  ABSTRACT 


•  Nanostructured  Ir02:F  electro¬ 
catalysts  have  been  wet  chemically 
synthesized. 

•  IrO2:10  wt.%  F  exhibits  superior 
electrochemical  activity  than  pure 
Ir02. 

•  Stability  of  the  Ir02:F  nanomaterials 
is  comparable  to  pure  Ir02. 

•  High  surface  area  F  doped  Ir02  are 
promising  OER  anode  electro¬ 
catalysts. 

•  Both  half-cell  and  full  cell  test  data 
show  the  superior  response  of 
Ir02: 10  wt.%  F. 
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Fluorine  doped  iridium  oxide  (Ir02:F)  powders  with  varying  F  content  ranging  from  0  to  20  wt.%  has  been 
synthesized  by  using  a  modification  of  the  Adams  fusion  method.  The  precursors  (IrCU  and  NH4F)  are 
mixed  with  NaN03  and  heated  to  elevated  temperatures  to  form  high  surface  area  nanomaterials  as  electro¬ 
catalysts  for  PEM  based  water  electrolysis.  The  catalysts  were  then  coated  on  a  porous  Ti  substrate  and  have 
been  studied  for  the  oxygen  evolution  reaction  in  PEM  based  water  electrolysis.  The  Ir02:F  with  an  opti¬ 
mum  composition  of  IrO2:10  wt.%  F  shows  remarkably  superior  electrochemical  activity  and  chemical 
stability  compared  to  pure  Ir02.  The  results  have  also  been  supported  via  kinetic  studies  by  conducting 
rotating  disk  electrode  (RDE)  experiments.  The  RDE  studies  confirm  that  the  electro-catalysts  follow  the 
two  electron  transfer  reaction  for  electrolysis  with  calculated  activation  energy  of  ~25  kj  mol-1.  Single  full 
cell  tests  conducted  also  validate  the  superior  electrochemical  activity  of  the  10  wt.%  F  doped  Ir02. 
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1.  Introduction 

Hydrogen  has  been  universally  claimed  as  a  potential  next 
generation  energy  carrier  with  the  tremendous  ability  to  provide 
clean,  reliable  and  affordable  energy  to  meet  the  ever-increasing 
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global  energy  demands  1  .  A  major  barrier  limiting  the  progress 
towards  realization  of  the  hydrogen  economy  is  production,  storage 
and  distribution  of  low  cost,  carbon-free  and  ultra-high  purity 
(UHP)  hydrogen  to  meet  our  sustainability  goals.  High  quality 
hydrogen  can  be  benignly  produced  by  electrochemical  conversion 
of  water  using  electricity  i.e.,  water  electrolysis.  The  high  cost  of 
electricity  to  date  has  thus  far  always  hindered  the  production  of 
electro-catalytic  hydrogen  2-4].  Electricity  induced  splitting  of 
water  despite  the  cost  nevertheless,  offers  no  pollutants  or  the 
creation  of  toxic  by-products  if  the  electricity  is  generated  via 
renewable  energy  sources  such  as  the  use  of  photovoltaic  cells, 
wind  turbines,  geothermal  and  hydropower.  If  all  of  the  limitations, 
and  the  barriers  discussed  above  are  overcome,  we  can  envision  the 
hydrogen  fuel  and  hydrogen  technology  to  provide  a  very  plausible 
and  ecologically  sustainable  option  for  energy  production  if  the 
efficiency  of  water  electrolysis  can  be  significantly  improved  with 
considerable  reduction  in  costs  [5-9]. 

The  current  technologies  using  proton  exchange  membrane 
(PEM)  or  acid  based  water  electrolysis  are  very  cost  intensive.  This 
impedes  us  from  achieving  the  targeted  hydrogen  production  cost 
(~$  3.0/gasoline  gallon  equivalent  (gge)).  High  capital  costs  are 
encountered  due  to  the  expensive  noble  metal  catalysts  currently 
employed  combined  with  the  inferior  efficiencies  and  labor 
intensive  fabrication  of  PEM  based  electrolyzers  [4,5,10-14].  PEM 
based  electrolysis  however,  display  several  advantages  over  alka¬ 
line  and  neutral  pH  based  water  electrolysis  processes  including, 
but  not  limited  to,  high  proton  conductivity,  low  gas  crossover, 
compact  stack  design,  higher  current  densities,  high  pressure 
operation  and  the  desired  chemical  and  electrochemical  tolerance 
[6,10,15].  At  the  anode,  the  over-potential  and  the  ohmic  resistance 
however  results  in  poor  electrochemical  activity  accounting  for  the 
sluggish  catalytic  performance.  The  durability  of  the  electro¬ 
catalysts  is  also  a  major  issue  under  the  harsh  acidic  PEM  condi¬ 
tions,  thereby  making  the  search  for  efficient  and  stable  catalysts  a 
high  priority  and  a  major  imperative  need  if  the  much  desired 
progress  in  this  area  is  to  be  achieved. 

Rutile  type  noble  metal  oxides,  such  as  Ir02  and  Ru02  are  well 
known  and  accepted  as  gold  standard  anode  catalysts  for  the  ox¬ 
ygen  evolution  reaction  (OER)  in  PEM  based  water  electrolysis. 
Decrease  in  the  noble  metal  oxide  (Ir02/Ru02)  loading  with 
improved  catalytic  activity  would  enable  much  reduction  in  capital 
costs  of  PEM  electrolyzer  cells.  It  has  been  reported  previously  by 
many  researchers  [16-27]  that  addition  of  cheaper  metal  oxides  or 
diluents  (viz.,  Sn02,  Ta20s,  Ti02,  h^Os)  to  the  parent  noble  metal 
oxide  resulting  in  a  binary  or  ternary  metal  oxide  mixture  could 
reduce  the  overall  noble  metal  oxide  content.  However,  with  the 
addition  of  the  cheaper  diluents  results  in  a  reduction  in  the  active 
surface  area  and  electronic  conductivity  of  the  mixed  oxides 
[17,18,24,28-30]. 

We  have  shown  in  various  publications  [16,27,31-34]  the 
viability  and  efficacy  of  fluorine  as  a  dopant  combined  with  the  use 
of  solid  solutions  of  binary  and  ternary  systems  as  efficient  electro¬ 
catalysts  for  water  electrolysis.  Specifically,  F  doped  Ir02  as  a  thin 
film  electro-catalyst  for  OER  in  PEM  based  electrolysis  has  been 
previously  reported  by  us  [31  .  Fluorine  doping  resulted  in  -20% 
increase  in  electrochemical  catalytic  activity.  The  stability  of  the 
catalysts  was  also  comparable  to  pure  Ir02.  We  also  performed  first 
principle  theoretical  calculations  using  the  ab-initio  approach  [32] 
that  concluded  that  electrolytic  water  splitting  utilizing  F  doped 
Ir02  could  contribute  to  significantly  increasing  the  catalytic  ac¬ 
tivity.  This  initial  study  formed  the  basis  for  motivating  the  devel¬ 
opment  of  F  doped  Ir02  catalysts  in  the  form  of  nanomaterials  and 
also  conduct  detailed  studies  on  the  same. 

In  the  present  study,  research  is  carried  out  to  synthesize 
nanostructured  F  doped  Ir02  electro-catalysts  in  order  to  improve 


the  catalytic  activity  and  the  corrosion  stability  of  the  doped  oxide 
compared  to  pure  noble  metal  oxide  electro-catalyst.  In  this  article, 
F  doped  Ir02,  denoted  as  Ir02:x  wt.%  F  or  Ir02:F,  with  x  =  0,  5, 10, 15 
and  20  have  been  synthesized  using  a  modification  of  the  Adams 
fusion  approach  [35]  and  tested  as  an  OER  electro-catalyst.  The 
catalyst  ink  is  then  coated  on  a  porous  Ti  foil  and  tested  as  an  anode 
electro-catalyst  for  PEM  water  electrolysis.  In  order  to  achieve  a 
better  understanding  of  the  fundamental  electrochemical  reactions 
or  electro-catalytic  activity,  detailed  characterization  analyses 
comprising  X-ray  diffraction  (XRD),  transmission  electron  micro¬ 
scopy  (TEM),  electrochemical  impedance  spectroscopy  (EIS),  Tafel 
analysis,  rotating  disk  electrode  (RDE)  experiments,  and  chro- 
noamperometry  (CA)  studies  have  been  performed  and  reported  on 
the  synthesized  Ir02iF  nanostructured  powder  electro-catalysts. 

2.  Experimental  details 

2.2.  Electro-catalyst  preparation 

Iridium  tetrachloride  [IrCU,  99.5%,  Alfa  Aesar],  and  ammonium 
fluoride  [NH4F,  98%,  Alfa  Aesar]  were  used  as  the  precursor  sources 
for  Ir  and  F,  respectively.  Ir02  :F  was  synthesized  using  a  modification 
of  the  Adams  fusion  method,  first  reported  by  Adams  et  al.  [35],  and 
used  by  other  researchers  as  well  36,37].  The  precursors  were  taken 
in  stoichiometric  amounts  and  completely  dissolved  in  D.I.  water 
generated  by  the  Milli-Q.  system  [18.2  MO  cm  deionized  water; 
Milli-Q  Academic,  Millipore].  The  solution  containing  the  dissolved 
precursors  were  mixed  with  excess  sodium  nitrate  [NaN03, 99%,  Alfa 
Aesar]  also  dissolved  in  D.I.  water  to  generate  the  corresponding 
nitrate  precursors  in  the  dissolved  state.  The  resulting  solution 
mixture  was  stirred  vigorously  for  2  h  to  generate  a  homogeneous 
solution  following  which  the  water  is  then  carefully  evaporated  at 
60  °C.  The  mixture  is  then  introduced  into  a  furnace  wherein  it  is 
heated  to  500  °C  at  a  ramp  rate  of  50  K  min-1,  and  then  held  at  500  °C 
for  1  h  to  form  the  F  doped  IrC>2.  The  salt  mixture  is  then  washed 
multiple  times  with  D.I.  water  in  order  to  remove  all  the  undesired 
excess  chloride  salts.  The  resulting  homogeneous  fluoride  contain¬ 
ing  oxide  powder  is  then  dried  in  an  oven  at  60  °C  for  24  h  to  form  the 
Ir02:x  wt.%  F  electro-catalyst,  where  x  ranges  from  0  to  20. 

2.2.  Physical  and  chemical  characterization 

The  synthesized  electro-catalysts  were  analyzed  by  X-ray 
diffraction  using  state-of-the-art  detector  [XRD,  Philips  XPERT  PRO 
system  with  CuKa  radiation].  Typical  scans  were  recorded  in  the  20 
range  of  20° -80°.  The  operating  voltage  and  current  were  kept 
constant  at  45  kV  and  40  mA,  respectively.  Specific  surface  area  of 
the  catalysts  was  measured  using  the  Brunauer-Emmett-Teller 
(BET)  technique.  The  powders  were  first  vacuum  degassed  and  then 
tested  using  a  Micromeritics  ASAP  2020  that  employs  nitrogen 
adsorption  and  desorption  for  surface  area  analysis.  Correspond¬ 
ingly,  multipoint  BET  surface  areas  are  reported  for  the  synthesized 
nanostructured  powder.  The  microstructure  and  particle  size  of  the 
catalysts  was  investigated  using  high  resolution  transmission 
electron  microscopy  (HRTEM).  JEOL  4000EX  operating  at  400  kV 
was  employed  for  conducting  the  TEM  analysis  to  evaluate  the 
particle  size  and  nanocrystalline  nature.  High  resolution  trans¬ 
mission  electron  microscopy  (HRTEM)  analysis  was  conducted  on 
the  samples  using  JEOL  JEM-2100F  to  further  investigate  the 
morphology. 

2.3.  Electrochemical  testing  and  kinetics  studies 

Electrochemical  characterization  was  conducted  on  the  samples 
using  a  five  port  jacketed  reaction  cell  [Ace  Glass  Inc.]  assembled 
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with  the  three  electrode  test  system  as  described  in  our  previous 
publications  16,17,27,31,34].  The  electrochemical  experiments  were 
performed  using  a  VersaSTAT  3  [Princeton  Applied  Research].  A 
solution  of  1  N  sulfuric  acid  was  used  as  the  electrolyte/fuel  which  is 
kept  at  a  constant  temperature  of  40  °C  using  a  Fisher  Scientific 
3006S  Isotemp  refrigerated  circulator.  The  working  electrodes  were 
prepared  by  uniformly  spreading  the  catalyst  ink  on  a  titanium  foil 
[50%  porosity,  Accumet  Materials  Co.]  on  an  area  of  1  cm2.  The 
catalyst  ink  consisted  of  85  wt.%  catalyst  and  15  wt.%  Nation  117 
solution  [5  wt.%  solution  in  lower  aliphatic  alcohols,  Sigma- 
-Aldrich].  The  total  loading  on  the  Ti  foil  for  all  the  electro-catalyst 
compositions  was  ~0.3  mg  cm-2.  The  reference  electrode  was  an  XR 
200  mercury/mercurous  sulfate  electrode  [Hg/Hg2S04,  Radiometer 
Analytical]  with  a  potential  of  -+0.65  V  with  respect  to  the  standard 
hydrogen  electrode  (SHE/NHE).  Platinum  foil  [Alfa  Aesar,  0.25  mm 
thick,  99.95%]  was  used  as  the  counter  electrode.  All  the  polarization 
tests  were  conducted  employing  a  scan  rate  of  1  mV  s-1. 

Electrochemical  impedance  spectroscopy  (EIS)  measurements 
have  been  used  to  determine  the  solution  resistance,  and  the  po¬ 
larization  resistance  of  the  electro-catalyst  using  a  suitable  circuit 
model  such  as  Rs(^ctQdi),  where  Rs  is  the  solution/ohmic  resistance, 
Rct  is  the  charge  transfer  resistance/polarization  resistance,  and  Qdi 
includes  both  the  double  layer  capacitance  and  pseudocapacitance 
[38,39].  EIS  has  been  performed  in  the  frequency  range  of 
100  mHz- 100  kHz  using  the  VersaSTAT  3  [Princeton  Applied 
Research].  Impedance  data  has  been  modeled  using  the  ZView 
software  from  Scribner  Associates.  Rs  is  used  for  ohmic  loss  (iR) 
correction,  whereas  Rct  enables  the  understanding  of  the  electro¬ 
chemical  activity  of  the  electro-catalyst.  The  Tafel  plot  after  iR 
correction  is  given  by  Equation  (1): 

7i  =  b\ogi  +  a  (1) 

Here,  V  is  the  overpotential,  lb'  is  the  Tafel  slope,  7’  is  the  current 
density  and  ‘a’  determines  the  exchange  current  density.  The  cor¬ 
responding  Tafel  slope  (fi),  is  used  to  determine  the  reaction  ki¬ 
netics  [38,40,41]. 

Rotating  disk  electrode  (RDE)  experiments  have  been  carried 
out  in  order  to  obtain  information  about  the  kinetics  and  detailed 
mechanisms  of  the  electrochemical  reaction.  The  studies  provide 
confirmation  of  the  number  of  electrons  transferred  in  the  OER 
process,  and  also  calculate  the  apparent  activation  energy  of  the 
reaction.  The  RDE  tests  were  performed  in  a  three  electrode  system, 
using  the  same  reference  electrode  and  counter  electrode  as 
described  before.  A  titanium  disk  insert  [5  mm  OD,  4  mm  thick, 
mirror  polish;  Pine  Research  Instrumentation]  was  used  for  the 
working  electrode.  The  catalyst  ink  was  deposited  on  the  Ti  disk 
and  dried  in  an  ethanol  saturated  environment  overnight.  The  disk 
was  then  heated  to  130  °C  for  2  h.  A  multiple  small  potential  step 
measurement  has  been  used  for  all  the  RDE  measurements,  first 
used  by  Chu  et  al.  [42  .  Potential  steps  of  5  mV  are  given  starting 
from  the  open  circuit  potential  and  current  is  recorded  at  every 
potential  for  16  s.  The  last  value  of  the  current  is  then  taken  into 
consideration  for  accurate  analysis  i.e.,  there  is  a  decay  time  of 
15  s  in  order  to  ensure  that  the  electrode  double  layer  charging 
current  and  the  adsorption  current  is  negligible  [42].  The  RDE  ex¬ 
periments  have  been  executed  by  using  varying  speeds  from 
500  rpm  to  2000  rpm.  The  Koutecky-Levich  plot  represented  by 
Equation  (2);  involving  the  kinetic  current  (ii<)  and  Levich  current 
(i'l)  as  shown  in  Equations  (3)  and  (4)  respectively,  is  widely  used 
for  RDE  studies  conducted  in  this  work  [42-44  : 


zk  =  knAFC 

(3) 

I'l  =  0.62nfi4D2/3w1/2i)-1/6C 

(4) 

where,  T  is  the  current  [Ampere  (A)],  7d  is  the  kinetic  rate  constant 
of  the  reaction  (cm  s-1),  ‘n’  is  the  electron  transfer  number,  lA  is  the 
electrode  area  (0.19625  cm2),  ‘F  is  the  Faraday  constant  [96485  (A- 
s)  mol1],  ‘C  is  the  concentration  of  reactive  species 
(1.3  x  10-6  mol  cm-3),  77  is  the  diffusion  coefficient 
(1.7  x  10-5  cm2  s-1),  V  is  the  rotation  rate  (radians  s-1),  and  V  is 
the  viscosity  (0.01  cm2  s-1)  [44-48  .  The  slope  of  the  Kouteck¬ 
y-Levich  plot  i.e.,  r1  vs.  a T1/2  helps  determine  the  number  of 
electrons  (n)  transferred  in  the  reaction  and  the  intercept  gives  the 
kinetic  rate  constant  (/<)  of  the  reaction. 

The  influence  of  temperature  on  the  OER  process  has  been 
studied  in  order  to  calculate  the  apparent  activation  energy  (Ea).  In 
the  RDE  setup,  a  high  rotation  speed  of  1500  rpm  was  used  and  the 
multiple  small  potential  step  measurement  technique  as 
mentioned  before  was  carried  out  in  the  temperature  window  of 
25  °C-70  °C.  The  Arrhenius  relation  as  expressed  in  Equation  (5)  is 
given  by: 

i  =  k0  exp(  -  Ea/RT)  (5) 

where,  7<o’  is  the  pre-exponential  factor,  ‘£a’  is  the  apparent  acti¬ 
vation  energy  (J  mol-1),  77  is  the  universal  gas  constant 
(8.314  J  mol-1  I<-1),  and  T  is  the  temperature  (I<).  A  plot  of  In  i  vs. 
T-1  i.e.,  the  Arrhenius  plot  would  help  in  determination  of  the 
apparent  energy  of  activation  [49-52]. 

In  order  to  study  the  long  term  structural  stability  of  the  electro¬ 
catalysts,  chronoamperometry  (CA)  i.e.,  current  signal  as  a  function 
of  time  has  been  conducted.  Testing  of  the  electrodes  has  been 
performed  for  12  h  using  1  N  H2S04  at  40  °C  at  a  constant  voltage  of 
-1.65  V  (vs.  NHE)  without  iR  correction.  Elemental  analysis  of  the 
electrolyte  (H2SO4),  collected  after  CA  testing,  was  performed  by 
inductively  coupled  plasma  optical  emission  spectroscopy  (ICP- 
OES,  iCAP  6500  duo  Thermo  Fisher)  in  order  to  determine  the 
amount  of  iridium  leached  out  into  the  solution  from  the  electrode. 

2.4.  Single  full  cell  test  analysis 

The  catalyst  ink  for  the  anode  and  cathode  consisted  of  85  wt.% 
catalyst  and  15  wt.%  Nation  117  solution  (5  wt.%  solution  in  lower 
aliphatic  alcohols,  Sigma-Aldrich).  In  order  to  test  the  performance 
of  the  catalyst  under  electrolyzer  conditions,  a  single  cell  test  was 
performed  at  Proton  OnSite.  For  the  single  cell  testing,  a  membrane 
electrode  assembly  was  fabricated  by  using  a  Nation  115  membrane 
sandwiched  between  the  two  gas  diffusion  electrodes  coated  with 
the  catalyst  ink.  The  cathode  catalyst  used  for  the  single  cell  test 
was  platinum  black  (Sigma  Aldrich)  supported  on  a  Teflon  treated 
carbon  paper  (Electrochem  Inc.).  The  anode  material  used  for  the 
test  comprised  the  best  electro-catalyst  composition  synthesized 
i.e.,  IrO2:10  wt.%  F  which  was  also  compared  with  pure  Ir02 
(undoped).  The  backing  layer  used  on  the  anode  side  was  titanium 
felt  (60%  porosity,  Electrochem  Inc.).  The  Nation  115  membrane  was 
pretreated  first  with  a  3  wt.%  hydrogen  peroxide  solution  taken  to 
its  boiling  point  in  order  to  oxidize  any  organic  impurities.  Subse¬ 
quently,  it  was  boiled  in  D.I.  water  followed  by  immersion  in  a 
boiling  1  N  sulfuric  acid  solution  to  eliminate  any  metallic  impu¬ 
rities.  Finally,  it  is  treated  multiple  times  in  D.I.  water  to  remove  any 
traces  of  remnant  acid.  This  membrane  is  then  stored  in  D.I.  water 
to  avoid  dehydration.  The  membrane  electrode  assembly  (MEA) 
was  then  fabricated  by  placing  the  two  Nation  impregnated  elec¬ 
trodes  (anode  and  cathode)  on  both  sides  of  the  pretreated  Nation 
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membrane.  This  assembly  was  then  hot-pressed  in  a  25  T  hydraulic 
lamination  hot  press  with  dual  temperature  controller  (MTI  Cor¬ 
poration)  at  a  temperature  of  125  °C.  The  pressure  applied  was 
approximately  40  atm  for  -30  s  to  ensure  good  contact  between  the 
electrodes  and  the  membrane.  This  5  layer  MEA  is  then  used  for 
conducting  the  single  full  cell  electrolyzer  tests. 

The  5  layer  MEA  prepared  was  then  sandwiched  between  two 
Teflon  gaskets  of  5  mils  thickness.  The  area  of  the  electrodes  and 
the  hole  in  the  gaskets  was  a  square  area  of  5  cm2.  This  assembly  is 
then  placed  in  Proton's  test  cell  and  the  tests  were  conducted  at  the 
Proton  OnSite  facility  (Wallingford,  CT).  All  the  samples  were  heat 
soaked  by  flowing  65  °C  water  throughout  the  cell  for  1  h  prior  to 
testing.  The  polarization  curve  was  taken  at  50  °C  by  ramping  up 
the  current,  stepping  in  1  min  intervals  of  100  mA  cnrT2.  The  po¬ 
larization  curve  was  then  run  back  down  at  1  min  intervals.  The 
polarization  curves  were  then  run  back  up  and  down  at 
1  min  intervals  until  the  forward  and  reverse  scans  basically 
overlaid  each  other. 


3.  Results  and  discussion 

3.1.  Structural  characterization 

X-ray  diffraction,  specific  surface  area  measurements  and 
transmission  electron  microscopy  characterization  was  conducted 
in  order  to  study  the  phase  purity  and  crystalline  nature  of  the 
electro-catalysts  synthesized.  The  XRD  patterns  of  the  Ir02:F 
powders  after  heat  treatment  to  500  °C  are  shown  in  Fig.  1.  The  XRD 
patterns  show  a  rutile  type  tetragonal  structure  similar  to  pure  Ir02 
for  all  the  synthesized  electro-catalysts.  No  additional  peak 
( Example .  iridium  fluoride)  is  observed  which  indicates  the  for¬ 
mation  of  a  complete  single  phase  solid  solution  of  F  incorporated 
into  Ir02  without  inducing  any  undesired  phase  separation  as 
observed  previously  [31  .  This  might  arise  due  to  the  fact  that  the 
ionic  radius  of  02~  (125  pm)  is  comparable  to  that  of  F1-  (120  pm) 
[53].  The  relative  broad  peaks  seen  in  the  XRD  patterns  (Fig.  1)  are 
clearly  indicative  of  the  nanocrystalline  nature  of  the  synthesized 
catalysts.  The  effective  crystallite  size  of  Ir02:F,  calculated  using  the 
Scherrer  formula  from  the  integral  breadth  of  the  Lorentzian 
contribution  determined  from  the  peak  profile  analysis  using  single 
line  approximation  method  after  eliminating  the  instrument  line 
broadening  and  lattice  strain  contribution  54]  is  ~3-4  nm  for 
different  F  compositions  which  is  similar  to  that  of  pure  undoped 
Ir02  (-4  nm). 


20  40  60  80 

20  (Deg.) 


Fig.  1.  The  XRD  pattern  of  the  nanostructured  Ir02:F  of  different  compositions. 


Fig.  2.  The  bright  field  TEM  image  (a),  and  the  HRTEM  image  (b)  of  IrO2:10  wt.%  F 
particles;  confirming  the  nanostructured  nature  of  the  electro-catalysts. 


The  specific  surface  area  (SSA)  of  Ir02:F  measured  by  the  BET 
technique  ranged  from  100  to  200  m2  g-1  for  varying  F  composi¬ 
tions.  Pure  Ir02  exhibited  an  SSA  of -191  m2  g-1  while  Ir02:x  wt.%  F 
displayed  an  SSA  of  -184  m2  g-1,  157  m2  g-1,  129  m2  g-1  and 
100  m2  g-1  forx  =  5, 10, 15  and  20  wt.%  of  F,  respectively.  These  SSA 
values  are  much  higher  than  that  corresponding  to  commercial  Ir02 
[Alfa  Aesar]  which  is  -20  m2  g-1.  The  decrease  in  the  SSA  of  Ir02:F 
with  increasing  F  incorporation  might  be  because  of  the  heat 
released  due  to  the  exothermic  phenomenon  of  NH4F  burning, 
occurring  during  the  synthesis  of  the  catalyst  powders.  This  heat 
released  could  cause  agglomeration  of  Ir02:F  nanoparticles  causing 
a  decrease  in  the  SSA  [55  .  Another  possible  mechanism  could  also 
be  due  to  rapid  diffusion  of  F~  into  the  lattice  causing  grain  growth 
resulting  in  reduction  in  the  surface  area.  A  decrease  in  the  specific 
surface  area  with  incorporation  of  F  for  other  materials  and  catalyst 
systems  has  also  been  reported  by  other  researchers  too  [55-58]. 
The  bright  field  TEM  image  shown  in  Fig.  2a,  of  a  representative 
electro-catalyst  composition  of  IrC^lO  wt.%  F  confirms  the  nano¬ 
meter  size  (-5-10  nm)  state  of  the  particles.  The  HRTEM  image, 
shown  in  Fig.  2b,  confirms  the  nanostructured  nature  of  the  electro¬ 
catalysts,  with  the  d  spacing  being  -0.312  nm  ±  0.005  nm,  that 
matches  well  with  the  duo  spacing  of  pure  Ir02  which  is  0.318  nm 
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Fig.  3.  EIS  spectra  of  undoped  Ir02  (a),  Ir02:5  wt.%  F  (b),  IrO2:10  wt.%  F  (c),  Ir02: 15  wt.%  F  (d)  and  IrO2:20  wt.%  F  (e);  obtained  at  OCP,  1.5  V,  1.6  V  and  1.7  V  (vs.  NHE)  in  a  solution  of 
1  N  H2S04  at  40  °C. 


[59].  All  the  powders  with  different  F  content  also  have  a  particle 
size  of  -5-10  nm  which  has  been  confirmed  by  high  resolution  TEM 
imaging. 

3.2.  Electrochemical  performance  and  kinetics  studies 

The  electrochemical  activity  of  the  nanostructured  Ir02:F  with  F 
doping  ranging  from  0  to  20  wt.%  has  been  studied  as  an  OER 
catalyst  for  use  as  an  anode  in  PEM  based  water  electrolysis.  Po¬ 
larization  was  conducted  at  a  scan  rate  of  1  mV  s-1  in  1  N  H2SO4  at 
40  °C.  The  uncorrected  polarization  curve  and  the  non-linear  Tafel 
plot  encounters  a  large  amount  of  ohmic/solution  resistance  (Rs) 
which  is  determined  from  the  electrochemical  impedance  spec¬ 
troscopy  (EIS)  plot  at  high  frequencies  [27,38,40  .  This  helps  us  in 
preparing  the  linear  Tafel  plots  and  the  iR  corrected  polarization 
curves.  The  plots  after  correcting  for  the  ohmic  loss  help  us  in 
evaluating  the  inherent  electro-catalytic  property  of  the  electrodes. 
The  EIS  plots  of  undoped  Ir02,  Ir02:5  wt.%  F,  IrO2:10  wt.%  F, 


Ir02:15  wt.%  F  and  IrO2i20  wt.%  F  at  open  circuit  potential  (OCP), 
1.5  V,  1.6  V  and  1.7  V  (vs.  NHE)  are  plotted  in  Fig.  3a-e,  respectively. 
It  is  observed  that  the  Rs  values  obtained  (Table  1)  at  high  fre¬ 
quencies  for  all  Ir02:F  electrodes  at  various  potentials  is  very  similar 


Table  1 

Impedance  parameters  of  Ir02:F  obtained  by  fitting  the  experimental  EIS  data  at 
open  circuit  potential  (OCP),  1.5  V,  1.6  V  and  1.7  V  (vs.  NHE). 


F  doping  (wt.%) 

OCP 

1.5  V 

1.6  V 

1.7  V 

Rs  (Q  cm2) 

0 

15.96 

15.99 

16.04 

16.30 

5 

16.08 

15.95 

15.87 

16.01 

10 

16.07 

15.87 

16.17 

16.39 

15 

15.71 

15.96 

15.94 

16.46 

20 

15.84 

15.95 

16.24 

16.40 

Rc t  (Q  cm2) 

0 

203.4 

36.42 

11.53 

8.13 

5 

154.2 

32.39 

9.29 

5.65 

10 

126.4 

23.69 

6.96 

3.76 

15 

175.5 

33.99 

11.03 

8.04 

20 

200.8 

42.00 

12.75 

6.98 

860 


K.S.  Kadakia  et  al.  /  Journal  of  Power  Sources  269  (2014)  855—865 


(-16.1  ±  0.4  Q  cm2).  The  EIS  plots  show  a  well  formed  semi-circular 
arc  at  low  frequencies  and  its  diameter  gives  the  polarization 
resistance  (Rct).  Table  1  enlists  the  impedance  parameters  i.e.,  Rs 
and  Rct  for  all  the  synthesized  electro-catalysts  (Ir02:F)  at  different 
potentials.  It  is  observed  that  the  Rct  value  at  all  potentials  de¬ 
creases  when  F  doping  is  increased  from  0  to  10  wt.%  F.  Rct  is  the 
resistance  due  to  electron  transfer  at  the  electrochemical  interface. 
A  lower  value  of  Rct  implies  that  there  is  less  resistance  offered  by 
the  electrode  during  the  OER  and  as  a  result  would  lead  to 
enhanced  catalytic  performance  and  electrochemical  activity.  It  is 
also  seen  that  the  Rct  increases  when  F  the  doping  level  is  elevated 
to  15  and  20  wt.%  F  (Table  1  and  Fig.  3).  Hence  accordingly,  as  the  Rct 
increases,  a  decrease  in  the  electrochemical  activity  is  to  be 
expected. 

The  polarization  curves  of  the  Ir02iF  electro-catalysts  before  and 
after  iR  correction  are  shown  in  Fig.  4a  and  b  for  different  F  doping. 
Fig.  4a  shows  the  polarization  tests  on  nanocrystalline  Ir02, 
Ir02:5  wt.%  F  and  IrO2:10  wt.%  F.  It  is  clearly  seen  that  the  onset  of 
electrolysis  or  the  OER  begins  at  -1.43  V  (vs.  NHE).  The  current 
density  at  -1.48  V  after  iR  correction  (vs.  NHE),  which  is  in  the 
standard  range  of  accepted  voltages  for  determining  electro- 
catalytic  activity  in  PEM  electrolysis  conditions,  is 
0.0088  ±  0.0002  A  cm-2  for  undoped  Ir02  with  a  total  loading  of 
-0.3  mg  cm-2.  At  the  same  voltage  of  -1.48  V  and  a  total  loading  of 
-0.3  mg  cm-2,  both  Ir02:5  wt.%  F  and  IrO2:10  wt.%  F  display  a 
current  density  of  0.0133  ±  0.0002  A  cm-2  and 
0.030  ±  0.0002  A  cm-2,  respectively.  Fluorine  doping  of  10  wt.% 
thus  shows  an  appreciable  increase  in  the  current  density  with 
respect  to  pure  Ir02  (ca.  3.3  times)  implying  a  substantial  increase 
in  the  electrochemical  activity  of  the  catalyst.  As  F  doping  is 
increased  to  15  and  20  wt.%,  it  is  observed  (Fig.  4b)  that  although 
the  onset  of  the  OER  remains  similar  and  is  -1.43  V  (vs.  NHE)  for  the 
catalysts,  the  current  obtained  decreases  for  the  same  loading  of 
-0.3  mg  cm-2.  The  current  density  at  -1.48  V  (vs.  NHE)  for  15  wt.%  F 
and  20  wt.%  F  doped  Ir02  is  0.0112  ±  0.0002  A  cm-2  and 
0.010  ±  0.0002  A  cm-2,  respectively.  These  results  also  agree  very 
well  with  the  EIS  plots  as  an  increase  in  Rct  is  seen  after  increasing  F 
doping  above  10  wt.%  (  fable  1  and  Fig.  3).  This  suggests  that 
IrO2:10  wt.%  F  is  the  most  optimal  electro-catalyst  F  dopant  con¬ 
centration  yielding  very  high  electro-catalytic  activity  compared  to 
pure  Ir02. 

Fig.  5  shows  the  uncorrected  and  iR  corrected  Tafel  plots  for 
Ir02:F.  The  Tafel  slope  is  calculated  from  the  iR  corrected  Tafel  plot 
as  explained  earlier  (Equation  (1)).  An  ideal  Tafel  slope  of 
-62  mV  dec-1  would  correspond  to  the  well-known  two  electron 
pathway  mechanism,  assuming  a  transfer  coefficient  of  0.5 
[39,41,60  .  As  seen  in  Fig.  5a,  undoped  pure  Ir02  has  a  Tafel  slope  of 
-93  mV  dec-1.  It  has  been  determined  from  Fig.  5b-e  that  with  5, 
10, 15  and  20  wt.%  F  doping  of  Ir02,  the  Tafel  slope  is  -77  mV  dec-1, 
64  mV  dec-1,  85  mV  dec-1  and  116  mV  dec-1,  respectively.  The  Tafel 
slopes  along  with  other  RDE  parameters  have  been  reported  in 
Table  2.  The  values  in  the  Table  explains  the  increase  in  electro¬ 
chemical  activity  or  current  density,  which  is  favored  by  a  decrease 
in  the  Tafel  slope  with  corresponding  increase  in  F  content  up  to 
10  wt.%  as  demonstrated  in  the  polarization  curves  (Fig.  4).  These 
results  further  confirm  that  10  wt.%  F  doped  Ir02  is  the  most  opti¬ 
mized  composition  resulting  in  enhanced  catalytic  activity  with  the 
lowest  value  of  the  Tafel  slope. 

The  increase  in  performance  of  Ir02  by  doping  with  fluorine  has 
been  theoretically  dealt  with  by  our  group  [32  .  In  the  reported 
work,  we  had  discussed  such  phenomena  in  the  case  of  thin  film  of 
IrC>2.  The  kinetics  of  oxygen  evolution  on  Ir02  catalysts  depend  on  a 
number  of  sub-steps  which  have  differing  activation  barriers.  We 
believe  that  F  doped  Ir02  configurations  result  in  stabilization  of  the 
structures  with  lower  activation  energy  barrier  as  evidenced  by  the 
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Fig.  4.  Polarization  testing  conducted  at  a  scan  rate  of  1  mV  s_1  in  1  N  H2S04  at  40  °C 
of  undoped  Ir02,  Ir02:5  wt.%  F  and  Ir02: 10  wt.%  F  (a);  and  Ir02: 10  wt.%  F,  Ir02: 15  wt.%  F 
and  IrO2:20  wt.%  F  (b),  before  and  after  iR  correction. 


Rct  values  seen  in  fable  1.  As  shown  in  our  prior  work  [32  ,  intro¬ 
duction  of  fluorine  results  in  a  noticeable  decrease  of  the  activation 
barrier.  With  increasing  F-content,  there  is  reduction  in  the  energy 
barrier  and  thus,  there  is  increase  in  the  catalytic  activity  of  the 
material.  However,  this  computational  model  study  does  not 
demonstrate  any  preconditions  needed  for  optimal  fluorine  con¬ 
centration  beyond  which  there  is  reduction  in  the  catalytic  activity. 
It  is  possible  that  such  a  reduction  of  the  catalytic  activity  with  F- 
doping  beyond  10  wt.%  could  be  due  to  stabilization  of  the  fluorine 
outside  the  Ir02  crystal  lattice  and  possible  drop  in  the  electronic 
conductivity  as  well  as  chemical  stability  of  the  system,  aspects  not 
considered  in  the  present  study  but  discussed  in  the  previously 
published  work  [32].  Furthermore,  our  earlier  published  work  on  F 
doped  (IrSn)02  thin  films  which  is  iso-structural  to  Ir02  shows  that 
with  the  optimal  F  content,  the  calculated  Ir  d-band  partial  density 
of  states  (DOS)  shows  that  the  Ir  d-band  center  matches  that  of  Ir02 
[27],  a  likely  indicator  for  the  electrochemical  activity  for  water 
electrolysis.  It  is  possible  that  in  the  case  of  F  doped  Ir02,  although 
not  calculated  in  the  present  study,  with  optimal  F  content,  in 
addition  to  the  improved  reaction  kinetics,  chemical  stability  and 
electronic  conductivity,  the  possible  shift  in  the  Ir  d-band  center 
could  also  be  an  additional  reason  for  the  observed  high  electro¬ 
chemical  activity  of  the  10  wt.%  F  doped  Ir02  reported  in  this  study. 

It  should  also  be  noted  that  the  ICP  elemental  analysis  con¬ 
ducted  on  the  10  wt.%  F  doped  Ir02  does  confirm  the  chemical 
stability  since  no  Ir  was  detected  in  the  electrolyte  solution.  Hence, 
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Fig.  5.  The  Tafel  plot  of  undoped  Ir02  (a),  Ir02:5  wt.%  F  (b),  IrO2:10  wt.%  F  (c),  Ir02:15  wt.%  F  (d)  and  IrO2:20  wt.%  F  (e);  before  and  after  iR  correction. 


the  electronic  conductivity  and  chemical  stability  of  the  10  wt.%  F 
doped  Ir02  combined  with  possible  shift  in  Ir-d  band  center  points 
to  the  observed  improved  electrochemical  performance  for  this 
composition.  Based  on  the  above,  the  exact  reasons  for  the  drop  in 
electrochemical  performance  with  doping  of  Ir02  beyond  10  wt.%  F 
are  not  clear.  Nevertheless,  such  trends  were  also  observed  in  the 
case  of  thin-film  F-doped  Ir02  films  previously  reported  as  well 
[31  .  Changes  in  electronic  conductivity  with  change  in  fluorine 
content  have  previously  been  reported  for  Sn02  thin  film  materials 
[61].  Additionally,  the  presence  of  fluorine  possibly  introduces  ox¬ 
ygen  vacancies  and  other  point  defects  resulting  in  a  drop  in  con¬ 
ductivity  beyond  a  particular  concentration. 

Multiple  small  potential  step  voltammetry  was  performed  for 
the  rotating  disk  electrode  studies  in  order  to  study  the  funda¬ 
mental  reaction  kinetics  and  also  calculate  the  apparent  activation 
energy  of  the  OER  process.  The  catalyst  ink  coated  Ti  disk  insert  was 
rotated  at  various  speeds  ranging  from  500  rpm  to  2000  rpm. 


Fig.  6a-e  shows  the  Koutecky-Levich  plot  i.e.,  z_1  vs.  w-1/2  for 
Ir02:x  wt.%  F;  where  x  =  0, 5, 10, 15  and  20,  respectively.  The  current 
values  at  different  rotation  speeds  have  been  plotted  at  three  po¬ 
tentials  of  1.55  V,  1.65  V  and  1.75  V  (vs.  NF1E)  without  iR  correction. 
It  should  be  noted  that  the  potentials  were  not  iR  corrected  since 
the  tests  have  been  conducted  in-situ  ( via  multiple  small  potential 
step  voltammetry)  from  which  the  RDE  results  are  reported 
directly.  This  dynamic  testing  process  does  not  allow  accounting  for 
the  iR  drop  from  the  solution  resistance.  These  RDE  plots  at 
different  potentials  give  parallel  straight  lines  (Fig.  6)  of  similar 
nature;  and  the  current  increases  with  increase  in  voltage  as  ex¬ 
pected,  causing  a  decrease  in  the  value  of  z-1.  At  any  given  potential 
and  rotation  speed,  it  is  observed  that  the  current  density  is 
increased  significantly  when  the  F  doping  is  increased  up  to  10  wt.% 
and  then  decreases  with  15  and  20  wt.%  F  doping.  This  trend  is  thus 
consistent  with  the  results  obtained  from  the  polarization  curves 
(Fig.  4).  From  the  slope  of  the  graphs,  the  number  of  electrons 
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Table  2 

The  Tafel  slope,  number  of  electrons  transferred  in  the  OER  and  the  kinetic  rate 
constants  determined  from  the  Koutecky— Levich  plots  for  Ir02:F. 


F  doping  (wt.%) 

Tafel  slope  (mV  dec 

n 

k  (cm  s 

1.55  V 

■’) 

1.65  V 

1.75  V 

0 

93 

1.78 

0.0618 

0.0708 

0.0826 

5 

77 

1.86 

0.0660 

0.0763 

0.0853 

10 

64 

1.92 

0.0656 

0.0717 

0.0823 

15 

85 

1.82 

0.0652 

0.0743 

0.0874 

20 

116 

1.61 

0.0679 

0.0810 

0.1010 

transferred  (n)  is  determined  following  Equations  (2)  and  (4).  The 
average  value  of  ln'  determined  at  the  three  voltages  for  all  Ir02:F 
electro-catalysts  along  with  the  Tafel  slope  and  kinetic  rate  con¬ 
stant  (/<)  has  been  tabulated  in  able  2.  The  kinetic  rate  constant 
(calculated  using  Equation  (3))  of  an  electrochemical  reaction  not 


only  varies  with  the  applied  potential,  but  is  also  dependent  on 
many  other  factors  viz.,  temperature,  electrode  surface  structure, 
composition  of  the  catalyst,  surface  adsorption  and  reaction  in¬ 
termediates  [45,51,62,63].  The  RDE  tests  and  the  Koutecky-Levich 
plot  confirm  the  two  electron  pathway  mechanism  for  the  OER  in 
PEM  electrolysis  for  all  our  explored  catalyst  compositions.  The  ‘n’ 
value  is  closest  to  2  for  IrO2:10  wt.%  F  doped  electro-catalyst 
(Table  2  and  Fig.  6c)  corroborating  the  fact  that  it  is  the  best 
composition  amongst  all  the  other  F  doped  and  undoped  Ir02 
electro-catalyst.  Increased  F  doping  (above  10  wt.%  F)  leads  to  slight 
decrease  in  the  ‘n’  value  which  is  the  number  of  electrons  trans¬ 
ferred  during  the  OER.  This  is  because  the  polarization  resistance 
increases  as  observed  in  the  impedance  plots  (Fig.  3  and  Table  1), 
impeding  the  electron  transfer  process  in  the  electrochemical 
interface.  This  in  turn  also  yields  lesser  values  of  current  density  for 
the  catalysts  with  higher  F  doping  amounts  as  seen  in  the  polari¬ 
zation  curves  (Fig.  4b).  This  further  elucidates  the  high 


Fig.  6.  Koutecky-Levich  plots  in  PEM  based  water  electrolysis  at  1.55  V,  1.65  V  and  1.75  V  (vs.  NHE)  in  1  N  H2S04  at  25  °C  for  undoped  Ir02  (a),  Ir02:5  wt.%  F  (b),  IrO2:10  wt.%  F  (c), 
Ir02: 15  wt.%  F  (d)  and  Ir02:20  wt.%  F  (e). 
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Fig.  7.  Arrhenius  plots  for  undoped  IrC>2  (a),  IrC>2:5  wt.%  F  (b),  IrC^lO  wt.%  F  (c),  Ir02:15  wt.%  F  (d)  and  IrO2:20  wt.%  F  (e)  at  1.55  V,  1.65  V  and  1.75  V  (vs.  NHE)  over  a  temperature 
range  of  25  °C-70  °C  in  1  N  H2S04. 


electrochemical  activity  and  the  close  to  ideal  Tafel  slope  of  the 
10  wt.%  F  doped  Ir02,  thus  indicating  it  to  be  a  preferred  OER 
electro-catalyst  composition  for  PEM  electrolyzer  cells. 

The  influence  of  temperature  on  the  OER  was  studied  in  order  to 
calculate  the  apparent  activation  energy  from  the  Arrhenius  rela¬ 
tionship  as  explained  before  (Equation  (5)).  The  Arrhenius  plots  i.e., 
In  i  vs.  T-1  for  Ir02:x  wt.%  F  where  x  =  0,  5, 10, 15  and  20  are  shown 
in  Fig.  7a— e,  respectively.  The  temperature  was  varied  between  25 
and  70  °C  and  data  points  in  these  graphs  have  been  plotted  at 
three  different  potentials  of  1.55  V,  1.65  V  and  1.75  V  (vs.  NHE)  as 
used  before  in  the  RDE  tests.  The  slopes  of  these  lines  was  averaged 
in  order  to  calculate  the  Ea  which  is  obtained  to  be 
-25.2  ±  1.5  kj  mol1  for  all  the  Ir02:F  electro-catalysts.  This  Ea  value 
is  lower  and  in  the  range  and  order  of  values  reported  for  OER  by 
other  researchers  [50,52,64-67  .  The  similar  Ea  value  for  all  the 
electrodes  suggests  that  the  OER  on  all  electrodes  proceeds  via  an 
identical  reaction  mechanism  52,68  .  The  reaction  mechanism  has 


been  previously  reported  by  Norskov  et  al.  and  in  our  earlier  pub¬ 
lication  [32,41,69].  The  four  step  reaction  mechanism  occurring 
during  PEM  based  water  electrolysis  is  well  known  and  can  be 
indicated  as  follows: 

2H20-+H0*  +  H20  +  H+  +  e~^0*  +  H20  +  2H+ 

+  2e~  -►  HOO*  +  3H+  +  3e~  ->  02  +  4H+  +  4e~ 

Here,  the  *  represents  an  active  site  on  the  metal  oxide  surface 
and  the  third  step  is  the  rate  determining/limiting  step  in  the 
electrolysis  reaction  [32,41,69].  Although  there  is  no  difference  in 
the  activation  barrier  owing  to  similar  Ea  values  for  all  the  syn¬ 
thesized  powder  catalysts,  the  inherent  kinetics  are  most  optimal 
for  the  IrO2:10  wt.%  F  electro-catalyst  possibly  due  to  difference  in 
the  activity  and  number  of  catalytically  active  sites  [68  .  This  is  not 
only  confirmed  by  the  data  reported  in  the  polarization  curves 
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(Fig.  4),  but  is  also  evident  from  the  different  ‘n’  values  obtained 
from  the  Koutecky-Levich  plots  (Fig.  6).  This  is  because  of  the 
difference  in  the  anodic  polarization  and  charge  transfer  properties 
as  observed  in  the  impedance  and  Tafel  plots  (Figs.  3  and  5). 

The  robustness  and  chemical  stability  of  the  synthesized 
electro-catalysts  have  been  studied  by  chronoamperometry  (CA) 
testing.  Fig.  8  shows  the  CA  curves  for  the  Ir02:F  catalysts  con¬ 
ducted  at  a  constant  voltage  of  -1.65  V  (vs.  NHE)  without  iR 
correction  for  12  h.  The  IrO2:10  wt.%  F  electrode  shows  higher 
current  than  the  other  electrodes  since  it  inherently  has  a  higher 
catalytic  activity  as  observed  in  the  polarization  curves  (Fig.  4).  A 
steady  decay  of  current  may  arise  due  to  the  dissolution  of  the 
catalyst  material  along  the  edges  of  the  support  16,17,60],  or  due  to 
continuous  exhaustion  of  the  electrolyte/fuel  (H2SO4)  owing  to  the 
high  electrochemical  activity  of  the  electro-catalysts  [31,34,70].  It  is 
evident  in  Fig.  8  by  the  slope  of  the  different  curves  that  the  higher 
fluorine  doped  catalysts  i.e.,  Ir02  doped  with  15  and  20  wt.%  F 
degrade  slightly  faster  than  the  undoped,  5  and  10  wt.%  F  doped 
IrC>2.  The  powder  electro-catalyst  material  exhibiting  superior 
electrochemical  activity  reported  herein  (IrO2:10  wt.%  F),  also 
shows  excellent  durability  and  current  retention.  On  an  overall 
basis,  the  CA  response  shows  an  acceptable  stability  with  respect  to 
the  drop  in  current  observed  and  reported  widely  by  researchers  in 
other  publications  [27,70,71  .  Inductively  coupled  plasma  optical 
emission  spectroscopy  (ICP-OES)  studies  were  conducted  on  the 
electrolyte  media  after  the  conclusion  of  the  CA  test  (i.e.,  after  12  h). 
It  should  be  noted  that  no  Ir  was  found  to  have  leached  out  from 
any  of  the  F  doped  or  undoped  Ir02  catalysts,  confirming  that  the 
drop  in  current  is  primarily  due  to  the  exhaustion  of  the  fuel  owing 
to  the  high  catalytic  activity  of  the  nanostructured  powder  electro¬ 
catalysts.  These  stability  results  further  complement  and 
strengthen  our  earlier  claims  and  findings;  suggesting  that 
IrO2:10  wt.%  F  electro-catalyst  is  an  optimized  composition  for  use 
as  an  OER  anode  catalyst  in  PEM  based  water  electrolysis. 

Finally,  the  optimally  performing  electro-catalyst  composition 
IrO2:10  wt.%  F  in  half  cell  tests  was  further  tested  at  Proton  OnSite 
in  a  single  full  cell  set-up  for  PEM  based  water  electrolysis.  These 
results  were  compared  with  undoped  pure  Ir02  which  was  also 
tested  under  identical  conditions.  The  polarization  curve,  shown  in 
Fig.  9,  was  obtained  by  ramping  up  and  down  the  current  at 
1  min  intervals  until  the  forward  and  reverse  scans  overlaid  each 
other.  It  is  seen  that  the  10  wt.%  F  doped  Ir02  electro-catalyst  ex¬ 
hibits  much  superior  electro-catalytic  activity  compared  to  the 
undoped  counterpart.  The  current  density  at  -2  V,  a  standard 


assessment  voltage  considered  for  single  full  PEM  electrolyzer 
tests,  is  -1.1  A  cm-2  and  -0.5  A  cnrT2  for  IrO2:10  wt.%  F  and  IrC>2, 
respectively.  This  implies  an  approximately  2.2  fold  increase  in  the 
current  for  the  F  doped  electro-catalyst  with  respect  to  pure  RO2. 
This  is  in  good  agreement  with  the  polarization  curves  (Fig.  4a) 
correspondingly  reflecting  the  increase  in  current  observed.  The 
polarization  curves  in  the  half  cell  and  full  cell  set-up,  along  with 
the  electrochemical  impedance  spectra,  Tafel  plots  and  the  RDE 
graphs  reported  serve  to  confirm  that  the  10  wt.%  F  doping  en¬ 
hances  the  electrochemical  activity  of  Ir02  to  a  very  large  extent 
demonstrating  its  potential  as  a  viable  OER  catalyst  for  PEM  based 
water  electrolysis.  Trends  shown  are  similar  in  the  case  of  the  half 
cell  and  full-cell  polarization  curves.  This  is  to  be  expected  since  the 
10%  F-Ir02  material  has  more  facile  kinetics  which  is  reflected  in 
the  Rct  values  seen  in  able  1  and  the  Tafel  slope  seen  in  fable  2.  The 
improvement  in  performance  is  more  significant  in  the  single-cell 
full-cell  as  compared  to  the  half-cell  possibly  because  the  kinetics 
and  electronic  conductivity  play  a  bigger  role  in  a  full-cell  config¬ 
uration  as  compared  to  the  half-cell. 


4.  Conclusion 

In  the  present  experimental  study,  nanostructured  F  doped  Ir02 
was  synthesized  by  a  wet  chemical  approach  and  studied  as  an 
anode  catalyst  for  the  OER  in  PEM  based  water  electrolysis.  A 
modified  Adams  fusion  method  using  NaN03,  fluoride  precursors, 
and  heat  treatment  of  the  salt  mixture  to  500  °C  was  employed  to 
obtain  high  specific  surface  area  Ir02  and  F  doped  Ir02  electro¬ 
catalysts.  The  XRD  pattern  confirmed  formation  of  a  complete 
solid  solution  and  the  particle  size  was  -5-10  nm  confirmed  by 
HRTEM  as  well.  The  superior  electro-catalytic  OER  activity  of  the 
nanometer  sized  F  doped  powders  was  conducted  in  a  1  N  H2SO4 
electrolyte/fuel  at  40  °C.  The  electrochemical  performance  of 
10  wt.%  F  doped  Ir02  was  much  better  than  undoped  pure  Ir02  in 
both  half  cell  and  full  single  cell  test  evaluations,  which  was  further 
reinforced  by  the  Tafel  plots  and  the  EIS  spectra.  Detailed  kinetic 
studies  involving  RDE  were  also  conducted  on  all  the  catalysts 
which  not  only  yielded  the  number  of  electrons  transferred  in  the 
reaction,  but  also  strengthened  our  claim  that  IrO2:10  wt.%  F  is  the 
most  optimally  performing  electro-catalyst  composition  explored 
in  this  study.  The  long  term  structural  and  chemical  stability  of  the 
Ir02:F  catalysts  was  comparable  to  pure  RO2  thus  making  them  a 
viable  candidate  for  use  as  an  OER  catalyst.  The  excellent  catalytic 
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Fig.  8.  The  variation  of  current  vs.  time  for  the  Ir02:F  electrodes  in  1  N  H2S04  under  a 
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Fig.  9.  Polarization  curve  obtained  in  a  single  full  cell  test  for  undoped  Ir02  and 
Ir02: 10  wt.%  Fat  50  °C. 
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activity  and  durability  of  IrC^lO  wt.%  F  however  makes  it  a 
preferred  and  an  ideal  electro-catalyst  for  oxygen  evolution  in  PEM 
electrolyzer  cells. 
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